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Belle & Belle II

construction, testing, and commissioning stages of
the Belle detector.

2. Interaction region

2.1. Beam crossing angle

The layout of the interaction region is shown in
Fig. 2 [4]. The beam crossing angle of 711 mr
allows us to fill all RF buckets with the beam and
still avoid parasitic collisions, thus permitting
higher luminosity. Another important merit of
the large crossing-angle scheme is that it eliminates
the need for the separation-bend magnets, sig-
nificantly reducing beam-related backgrounds in
the detector. The risk associated with this choice of
a non-zero crossing angle is the possibility of
luminosity loss caused by the excitation of
synchro-beta resonances [5].

The low-energy beam line (eþ) is aligned with
the axis of the detector solenoid since the lower-
momentum beam particles would suffer more
bending in the solenoid field if they were off-axis.

This results in a 22 mr angle between the high-
energy beam line (e") and the solenoid axis.

2.2. Beam-line magnets near the interaction point

The final-focus quadrupole magnets (QCS) are
located inside the field volume of the detector
solenoid and are common to both beams. In order
to facilitate the high gradient and tunability, these
magnets are superconducting at the expense of a
larger size. In order to minimize backgrounds from
QCS-generated synchrotron radiation, their axes
are aligned with the incoming eþ and e" beams.
This requires the radius of the backward-angle
region cryostat to be larger than that of the one in
the forward-angle region. The inner aperture is
determined by the requirements of injection and
the need to avoid direct synchrotron radiation
incident on the beam pipe inside the cryostats. The
z-positions are determined by the detector accep-
tance (171pyp1501).

To minimize solenoid-field-induced coupling
between the x and y beam motions, superconduct-
ing compensation solenoid magnets are located

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124
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Belle & Belle II 
mainy for CP violation in B-meson system

• CP violation — a necessary condition for BAU

the Belle experiment

• took data during 1999-2010 using e+ e- collider KEKB at KEK, Japan

• produced more than 600 physics papers (still active and strong!)

• observed CP violation in the B-meson system (for the first time, along with BaBar) & 
confirmed Kobayashi-Maskawa theory ➔ 2008 Nobel Physics prize

• ~450 physicists from 22 countries 

• total budget: approx. US$ 300 M  
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approx. size 
of LHC

approx. size 
of KEKB



18#countries#
84#institutes#
~400#members

Z L dt
=
10
39

fb
�1

Lpeak = 21.1 nb�1s�1

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4

counter

Si Vtx. det. 
4(3) lyr. DSSD

		20	countries	
		90	institutions	
~450	members
100
22

~450

9



Luminosity 101
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Event rate ( ) for a particular process “p”dNp/dt
<latexit sha1_base64="8NqQN6vfAILWxLRdq3EmRZTawag="></latexit>

dNp

dt
= �pL

<latexit sha1_base64="nqCzLmAzsfFAH07GXxGcp6epR4E="></latexit>
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Figure from Prof. E. Won (Korea U.)



Belle (and BaBar, too) achievements include: 

• CPV, CKM, and rare decays of B mesons (and 
Bs, too) 

• Mixing, CP, and spectroscopy of charmed 
hadrons 

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), Zc(4430)+ 

• Studies of τ and 2γ

2008
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Belle ➔ Belle II 
still not solved 

• CP violation from KM hypothesis is not large enough to explain the matter-
antimatter asymmetry in our Universe

➔  We need New Physics! 

• The origin of the Flavor structure of the Standard Model is totally unknown

upgrade Belle —> Belle II 

• KEKB is upgraded to SuperKEKB (goal: x30 peak luminosity)

• aiming at x50 total data size

• Belle detector is also upgraded to Belle II
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BELLE

Z goal

L dt = 50 ab�1

<latexit sha1_base64="PnuY5lpaFJFCmuLcimoJxY6paN4="></latexit>

Lpeak = 6.5⇥ 1035 cm�2s�1
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The next Luminosity Frontier
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SuperKEKB                          Belle II

injector  
to Linac

<latexit sha1_base64="LDrPrMeyiiKn7txHDpbeYxM3NRw="></latexit>

Lpeak
II ⇡ 30⇥ Lpeak

I
<latexit sha1_base64="YbBuS6GqQt4D9dtJkKRL0GJXgHQ="></latexit>Z goal

LII dt = 50 ab�1 ⇡ 50

Z
LI dt
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Super-KEKB: the nano-beam scheme
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SVD: 4 DSSD layers ➔ 2 DEPFET layers + 4 DSSD layers 
CDC: small cell, long lever arm 
ACC+TOF ➔ TOP+A-RICH 
ECL: waveform sampling 
KLM: RPC ➔ Scintillator +MPPC (endcaps, barrel inner 2 lyrs)

In colours for new 
components 

15
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The Belle II Collaboration

26 countries/regions,   ~120 ins3tu3ons,   ~1000 collaborators

The Belle II Collaboration



17

Belle II

Belle II has been in operation 
through the Pandemic era, 
with modified working mode 
in accordance with the anti-
pandemic policy. 
(See next slide!)

peak luminosity world 
record 
4.7 × 1034 cm−2s−1

Collected luminosity before LS1 (2019-2022)



Belle II operation status under Pandemic
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Operation status in 2020
▪SuperKEKB/Belle II was operated under Covid-19 pandemic 

while minimizing risk of infection:

• Minimize person-to-person contact and avoid 3C

− Remote control room shifts and expert shifts

− Travel restrictions (~40 Belle II colleagues on-site)

− Online meetings

• Hygiene (face mask, alcohol disinfection, ventilation, …)

Accelerator ctrl room

BCG (Belle II Commissioning Group)

Another bldg

Belle II Exp Hall

Remote ctrl 
room shift

Beam background
(SpeakApp)

HV ctrl
(RocketChat)

KEK campus

Safety 
shift

Sub-system experts

Ctrl room

VPN

KCG (SuperKEKB CG)

5

Closed space

Crowded places

Close-contact settings
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Closed space

Crowded places

Close-contact settings

from ICHEP2020 talk by K. Matsuoka

• Minimize person-to-person contact, and avoid 3C

✓ Remote control-room shifts and expert shifts
✓ Travel restrictions (~40 Belle II colleagues on-site)
✓ Online meetings
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Belle II Physics Mind-map

Image courtesy of Tom Browder



21

Belle II Physics Mind-map

✔

✔ Shun Watanuki 
(Yonsei HEP)
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Belle II Physics Mind-map

✔
Junhao Yin 

(Korea Univ.)
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Belle II Physics Mind-map

✔
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B ! D⇤`⌫̄`
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B ! D⇤`⌫̄`

from Prof. S.J. Lee lecture @ SY XIX
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(h) oscillation(g) EW penguin

Z

B-meson decays

27
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Semileptonic B decays

28
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How fermions interact with W±



2004 KIAS Winter Camp              1/14/2004
53

Flavor mixing and CKM matrix

! For quarks,
– weak interaction eigenstates ! mass eigenstates

– mixing of quark flavors through a unitary matrix
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Test Unitarity?

31
12

Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity



Z. Ligeti, from plenary talk @ ICHEP 2004
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity

33

How to measure?

 V = |V|exp(iφ) 
• |V| from semi-leptonic decay rates 
• φ from CP asymmetries

just overly simplified guidelines



4 Conclusions

Impressive improvements have been accomplished during the last ten years in B physics. Figure
4 illustrates the progress on the measurements of the two sides of the Unitarity Triangle. Some
conclusions can be drawn. The selected region in the (ρ, η) plane, using B physics only, is very
well compatible with the measurement of CP violation in the Kaon system. sin2β is measured
with an accuracy better than 10% within the SM framework. The angle γ is smaller than 90◦

at 99.6% C.L.. This result is very slightly affected by multypling theoretical errors by a factor
two and is essentially due to the impressive improvement on the limit on ∆ms obtained during
the last 4 years.
The situation will still improve by summer 2000. Thanks to the achieved accuracy, future
measurements of CP violation in the B sector would further test the consistency of the Standard
Model by determining directly the angles of the Unitarity Triangle.
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Figure 4: The allowed region for ρ and η from 1988 to the end of 1999
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in the measurements of  between inclusive and exclusive approaches|Vcb | , |Vub |
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Abstract
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FIG. 2. The di↵erential distributions of the kinematic variables describing the di↵erential decay rate of B ! D⇤ ` ⌫̄` are shown
in our four considered decay modes. The MC expectation was normalized to the number of observed events in data.

in the large sample limit [38] with

�2
P = 2

NX

i=0

✓
ni log

ni

⌫̂i
+ ⌫̂i � ni

◆
, (21)

where ⌫̂i is the estimated number of events in bin i. The
p-value is calculated as

Z 1

�
2
P

f�2(x|k = 3)dx , (22)

with k = 3 degrees of freedom and f�2 denoting the �2

distribution. The corresponding p-value distribution for
all 160 fits is shown in Fig. 5 and is compatible with the
expected uniform behavior.

We determine the statistical correlation between the
marginalized distributions of the full four-dimensional
rate by considering:

1. The statistical correlation of the data.

2. The sample overlap in the MC distributions and
the systematic uncertainties on the signal and back-
ground shapes on M2

miss. This is used to correlate
the fit shape uncertainties between measured bins
associated with the finite sample size of the MC
simulation.

3. The other systematic shape uncertainties, discussed
further in Sec. VII, are negligibly small and we treat
them as fully correlated between individually mea-
sured bins.

The statistical correlation of the data between di↵erent
bins of di↵erent observables is determined by sampling
with replacement from the selected recorded data and
repeated fits to resolve Pearson correlation coe�cients

<latexit sha1_base64="b5HGyW/NPBswXU0m1w6dqIysYmQ="></latexit>

w = v · v0

=
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FIG. 3. The reconstructed M2
miss distribution after our final

selection for the B̄0 ! D⇤+`⌫̄` (top) channel and the B� !
D⇤0`⌫̄` (bottom) channel. In this plot we average over the
electron and muon mode. The grey dotted lines indicate the
binning used for the signal extraction described in the text.

as small as rdata ⇡ 0.01. For cases without statistical
overlap, e.g. neighbouring bins in the same marginal dis-
tribution, we set the correlation to zero.

We further determine the expected correlation in the
MC distributions by using the sample overlap

rMC =
nxy

p
nx

p
ny

(23)

in the peak region �0.25GeV2/c4 < M2
miss <

0.25GeV2/c4. Here, nx/y refers to the number of events
in a given bin of an observable x, y = w, cos ✓`, cos ✓V ,�
and nxy refers to the events that are in both bins of both
observables under consideration.

FIG. 4. The post-fit M2
miss distribution in the B̄0 ! D⇤e⌫̄e

mode, in the 1 < w < 1.05 bin.

FIG. 5. The p-value distribution for the 160 fits performed in
di↵erent decay channels and kinematic regions. The distribu-
tion is compatible with the expected uniform behavior.

VI. UNFOLDING OF DIFFERENTIAL YIELDS

The resolution caused by detector e↵ects and mis-
reconstructedD⇤ mesons causes migrations of events into
neighbouring bins in the kinematic distributions. These
e↵ects must be corrected for in order to compare the mea-
sured distribution with a theoretical distribution. We
proceed by unfolding our measured spectrum, but also
provide all components necessary to forward fold a theo-
retical distribution.
The migrations can be quantified by determining a de-

tector response matrix R, which encodes the probability
P of an event within a true bin to migrate into a recon-
structed bin:

Rij = P (reco bin i | true bin j) . (24)
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tion is compatible with the expected uniform behavior.

VI. UNFOLDING OF DIFFERENTIAL YIELDS

The resolution caused by detector e↵ects and mis-
reconstructedD⇤ mesons causes migrations of events into
neighbouring bins in the kinematic distributions. These
e↵ects must be corrected for in order to compare the mea-
sured distribution with a theoretical distribution. We
proceed by unfolding our measured spectrum, but also
provide all components necessary to forward fold a theo-
retical distribution.
The migrations can be quantified by determining a de-

tector response matrix R, which encodes the probability
P of an event within a true bin to migrate into a recon-
structed bin:

Rij = P (reco bin i | true bin j) . (24)

background subtraction, with binned likelihood fits to M2
miss
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FIG. 3. The reconstructed M2
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TABLE I. Normalized partial branching ratios �� in the observed bin �x and the corresponding uncertainties for all channels
and projections.

B̄0 ! D⇤+e⌫̄e B̄0 ! D⇤+µ⌫̄µ B� ! D⇤0e⌫̄e B� ! D⇤0µ⌫̄µ
��/�x � ��/�x � ��/�x � ��/�x �

Projection Bin

w [1.00, 1.05) 0.059 0.010 0.052 0.009 0.063 0.005 0.058 0.004

[1.05, 1.10) 0.092 0.015 0.109 0.014 0.094 0.007 0.090 0.006

[1.10, 1.15) 0.109 0.014 0.084 0.013 0.112 0.008 0.139 0.008

[1.15, 1.20) 0.125 0.013 0.122 0.012 0.131 0.009 0.131 0.009

[1.20, 1.25) 0.120 0.012 0.124 0.012 0.101 0.009 0.116 0.009

[1.25, 1.30) 0.127 0.012 0.109 0.011 0.125 0.010 0.113 0.009

[1.30, 1.35) 0.104 0.010 0.117 0.010 0.100 0.009 0.099 0.010

[1.35, 1.40) 0.093 0.010 0.089 0.009 0.088 0.010 0.084 0.009

[1.40, 1.45) 0.097 0.009 0.092 0.010 0.107 0.011 0.094 0.010

[1.45, 1.51) 0.073 0.008 0.101 0.010 0.080 0.008 0.075 0.011

cos ✓` [-1.00, -0.80) 0.034 0.008 0.038 0.009 0.038 0.005 0.036 0.006

[-0.80, -0.60) 0.061 0.009 0.042 0.011 0.061 0.007 0.061 0.008

[-0.60, -0.40) 0.073 0.012 0.070 0.013 0.088 0.009 0.088 0.010

[-0.40, -0.20) 0.108 0.014 0.097 0.014 0.077 0.010 0.110 0.011

[-0.20, 0.00) 0.116 0.015 0.114 0.015 0.116 0.011 0.086 0.011

[0.00, 0.20) 0.088 0.015 0.112 0.015 0.114 0.012 0.131 0.011

[0.20, 0.40) 0.141 0.015 0.126 0.015 0.128 0.012 0.138 0.011

[0.40, 0.60) 0.128 0.015 0.142 0.014 0.134 0.011 0.110 0.010

[0.60, 0.80) 0.123 0.013 0.126 0.012 0.127 0.010 0.119 0.009

[0.80, 1.00) 0.129 0.010 0.134 0.010 0.117 0.007 0.119 0.007

cos ✓V [-1.00, -0.80) 0.128 0.008 0.132 0.009 0.142 0.011 0.149 0.011

[-0.80, -0.60) 0.122 0.010 0.102 0.009 0.115 0.012 0.108 0.013

[-0.60, -0.40) 0.090 0.010 0.105 0.011 0.095 0.013 0.092 0.013

[-0.40, -0.20) 0.092 0.012 0.065 0.011 0.078 0.014 0.092 0.013

[-0.20, 0.00) 0.090 0.013 0.094 0.013 0.082 0.015 0.076 0.013

[0.00, 0.20) 0.064 0.014 0.061 0.013 0.076 0.015 0.058 0.013

[0.20, 0.40) 0.093 0.016 0.077 0.016 0.081 0.016 0.086 0.014

[0.40, 0.60) 0.098 0.017 0.097 0.018 0.086 0.015 0.088 0.015

[0.60, 0.80) 0.074 0.019 0.123 0.020 0.119 0.015 0.112 0.014

[0.80, 1.00) 0.149 0.020 0.144 0.020 0.126 0.012 0.139 0.013

� [0.00, 0.63) 0.093 0.014 0.079 0.012 0.101 0.013 0.064 0.012

[0.63, 1.26) 0.083 0.013 0.081 0.012 0.086 0.013 0.094 0.013

[1.26, 1.88) 0.104 0.013 0.123 0.013 0.129 0.014 0.119 0.013

[1.88, 2.51) 0.119 0.012 0.095 0.012 0.086 0.013 0.108 0.013

[2.51, 3.14) 0.065 0.011 0.081 0.011 0.098 0.014 0.094 0.013

[3.14, 3.77) 0.106 0.012 0.096 0.011 0.086 0.014 0.100 0.013

[3.77, 4.40) 0.114 0.013 0.109 0.013 0.086 0.014 0.098 0.013

[4.40, 5.03) 0.113 0.013 0.131 0.014 0.148 0.014 0.125 0.013

[5.03, 5.65) 0.103 0.013 0.112 0.014 0.092 0.013 0.102 0.013

[5.65, 6.28) 0.099 0.014 0.094 0.014 0.089 0.014 0.097 0.013
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FIG. 7. Acceptance functions for the four decay modes con-
sidered. As expected they behave di↵erently for charged and
neutral B mesons, due to the charged and neutral slow pion
reconstruction. The uncertainty on the acceptance is statisti-
cal only and calculated using normal approximation intervals.
Additional systematic uncertainties are considered, for details
see the text.

FIG. 8. Our determined shapes for the four decay modes using
matrix inversion to correct for the migrations and applying
the acceptance correction.

TABLE II. The compatibility of the measurements from the
di↵erent decay modes determined with the statistical and sys-
tematic covariance matrix and the statistical covariance ma-
trix only. All modes agree well with each other.

�2 / dof p �2
stat / ndf pstat

B ! D⇤`⌫̄` 94.7 / 108 0.82 102.0 / 108 0.65

B̄0 ! D⇤+`⌫̄` 26.3 / 36 0.88 27.7 / 36 0.84

B� ! D⇤0`⌫̄` 31.6 / 36 0.68 33.8 / 36 0.57

B(0,�) ! D⇤(+,0)e⌫̄e 27.4 / 36 0.85 29.2 / 36 0.78

B(0,�) ! D⇤(+,0)µ⌫̄µ 42.5 / 36 0.21 45.7 / 36 0.13

to take into account shape uncertainties. Here ✓ik repre-
sents the nuisance parameter vector element of bin i and
⌘MC
ik the expected number of events in the same bin for
event type k as estimated from the simulation. The sys-
tematic e↵ects on the shape of M2

miss have a small impact
on the yields in M2

miss with the largest uncertainty from
the finite sample size of the simulated MC templates.
For the unfolding and acceptance correction procedure

we consider uncertainties originating from the D decay
branching fractions, the B ! D⇤ ` ⌫̄` form factors, the
limited MC statistics, the lepton identification e�ciency,
and the e�ciencies for reconstruction of tracks, neutral
pions, slow pions, and K0

S mesons. The impact of these
systematic e↵ects on the unfolding and acceptance cor-
rection is determined by varying the MC sample used to
determine the migration matrices and acceptance func-
tion within the uncertainty of the given systematic e↵ect,
and repeating the unfolding and acceptance correction
procedure.
The calibration factors for the FEI are determined

from a study of hadronically tagged inclusive B ! Xc`⌫̄`
decays. The study is performed in bins of the FEI signal
probability and the tag-side channels. The calibration
factors are defined as the ratio of expected and measured
number of events in each bin. The absolute e�ciency of
the FEI cancels in the measurement of the shapes. The
impact of the FEI on the measured shapes is determined
by weighting the events after removing FEI calibration
factors and determining the di↵erence after applying un-
folding and acceptance correction. We treat this uncer-
tainty as fully correlated.
The individual contributions of the uncertainties to the

normalized shapes are listed in Appendix A.

VIII. DETERMINATION OF THE FORM
FACTORS AND IMPLICATIONS ON |Vcb|

We use the averaged B ! D⇤`⌫̄` shapes to fit the BGL
and CLN form factor parameterizations to the data. We
minimize the �2 defined by

�2 =

 
�~�m

�m �
� ~�p(~x)

�p(~x)

!
C�1

exp

 
�~�m

�m �
�~�p(~x)

�p(~x)

!T

+ (�ext
� �p(~x))2/�(�ext)2

+ (hX � hLQCD
X )C�1

LQCD(hX � hLQCD
X ) , (28)

with the measured (predicted) di↵erential rate

�~�m(p)/�m(p), where the predicted rate is a func-
tion of the form factor coe�cients ~x and |Vcb|. The
rate is calculated assuming the meson masses of
mB = 5.28GeV and mD

⇤ = 2.01GeV, and the lepton as
massless. Cexp (CLQCD) is the covariance matrix of the
experimental (lattice) data.
We rely on external branching fractions provided by

HFLAV [11] to determine |Vcb| :

B(B�
! D⇤0`⌫̄`) = (5.58± 0.22)% , (29)

fitted shapes (normalized)
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B(B̄0
! D⇤+`⌫̄`) = (4.97± 0.12)% . (30)

We combine these branching fractions assuming isospin
and by using the B+/0 lifetimes ⌧B̄0 = 1.520 ps and
⌧
B

� = 1.638 ps from Ref. [3]. Expressing this average

as a B̄0 branching fraction we find:

B(B̄0
! D⇤+`⌫̄`) = (5.03± 0.10)% . (31)

The form factor normalization is constrained at zero-
recoil with hX = hA1

(1) = 0.906 ± 0.013 from Ref. [17]
for our nominal fit scenario. For the BGL form factor
fit, we truncate the series based on the result of a nested
hypothesis test (NHT) [39] with the additional constraint
that the inclusion of additional coe�cients do not result
in correlations of larger than r = 0.95. This leads to the
choice of na = 1, nb = 2, nc = 1 free parameters, with the
constraint for c0 defined in Eq. (12). More details about
the NHT can be found in Appendix B. For the CLN type
parameterization we determine three coe�cients: ⇢2 ,
R1(1), and R2(1).

Both form factor parameterizations are able to describe
the data with p-values of 7% and 6% for BGL and CLN,
respectively, and the extracted |Vcb| values of both deter-
minations are compatible. The fitted shapes are shown
in Fig. 9 (red and blue bands) and the numerical values
for the coe�cients and |Vcb| are listed in Table III and
Table IV for BGL and CLN, respectively. In the figure
we also show the recent beyond zero-recoil prediction of
Ref. [16] as a green band. Its agreement with the mea-
sured spectra has a p-value of 11%. We also perform fits
to our measured B̄0 and B� shapes separately, with the
corresponding external branching fraction input. The re-
sults are compatible with each other, and the individual
extracted |Vcb| values are listed in Table V. We observe a
discrepancy between the |Vcb| values from the charged-
and neutral-only fits (p = 5%). Correcting for the exist-
ing disagreement between the charged and neutral input
branching fractions from HFLAV [11] and comparing the
full set of BGL coe�cients and |Vcb| we recover a p-value
of 20%.

Additionally, we tested explicitly the impact of the
d’Agostini bias [40] on the reported results. The impact
of this bias on our quoted values of |Vcb| and the form
factor parameters is approximately a factor of 30 smaller
than the quoted uncertainties and we thus do not apply
an additional correction.

We also test the impact of the preliminary lattice re-
sults that constrain the B ! D⇤ form factors beyond
zero recoil of Ref. [16] using two scenarios:

1. Inclusion of hA1
beyond zero recoil:

hX ⌘ hA1
(w) ,

2. Inclusion of the full lattice information:
hX ⌘ hX(w) = {hA1

(w), R1(w), R2(w)},

where we consider the points at w = {1.03, 1.10, 1.17}
and use the provided correlations between the lattice
data points. We translate the lattice data points and

FIG. 9. The fitted shapes for both BGL (blue) and CLN (or-
ange) parametrization. Both parametrizations are able to ex-
plain the data, and are compatible with each other. Note that
the BGL (blue) band almost completely overlays the CLN
(orange) band. The green band is the prediction using BGL
coe�cients from lattice QCD calculations in [16].

TABLE III. Fitted BGL121 coe�cients and correlations.

Value Correlation

a0 ⇥ 103 25.98± 1.40 1.00 0.26 �0.23 0.28 �0.31

b0 ⇥ 103 13.11± 0.18 0.26 1.00 �0.01 �0.01 �0.62

b1 ⇥ 103 �7.86± 12.51 �0.23 �0.01 1.00 0.26 �0.47

c1 ⇥ 103 �0.92± 0.97 0.28 �0.01 0.26 1.00 �0.49

|Vcb|⇥ 103 40.55± 0.91 �0.31 �0.62 �0.47 �0.49 1.00

propagate their uncertainty and correlation into pre-
dictions of R1(w) = (w + 1)mBmD

⇤g(w)/f(w) and
R2(w) = (w� r)/(w�1)�F1(w)/(mB(w�1)f(w)) with
r = mD

⇤/mB .
Including lattice points for hA1

beyond zero-recoil re-
sults in a good fit (pBGL = 11%, pCLN = 9%) compatible
with our nominal scenario. Including the full lattice in-
formation results in a poor fit (pBGL = 2%, pCLN = 2%),
where the disagreement is predominantly generated in
R2(w). The extracted |Vcb| values in the di↵erent lat-
tice scenarios are compatible with each other, as shown
in Table VI. We also investigate the beyond zero-recoil
lattice data for an equivalent number of BGL coe�cients
Na = 3, Nb = 3, Nc = 2 as used in Ref. [16]. We find a
much higher value of |Vcb| = (42.67 ± 0.98) ⇥ 10�3 with
a p-value of 5%. The full details of the fit can be found
in Appendix C.
Using on our measured cos ✓` shapes we determine

the forward-backward asymmetry over the full w phase-
space,

AFB =

R 1
0 d cos` d�/d cos` �

R 0
�1 d cos` d�/d cos`R 1

0 d cos` d�/d cos` +
R 0
�1 d cos` d�/d cos`

, (32)

by summing the last five and first five bins in the mea-
sured shape of cos ✓` considering the correlations of the



Youngjoon Kwon (Yonsei U.)                                              Jan. 19, 2023                                            Saga-Yonsei Joint Workshop XIX

13

TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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TABLE IV. Fitted CLN coe�cients and correlations.

Value Correlation

⇢2 1.22± 0.09 1.00 0.58 �0.88 0.37

R1(1) 1.37± 0.08 0.58 1.00 �0.66 �0.03

R2(1) 0.88± 0.07 �0.88 �0.66 1.00 �0.14

|Vcb|⇥ 103 40.11± 0.85 0.37 �0.03 �0.14 1.00

TABLE V. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B� ! D⇤`⌫, B̄0 ! D⇤`⌫,
and B ! D⇤ ` ⌫̄` shapes, with the external input for the abso-
lute branching fractions described in the text, and our nom-
inal scenario for the lattice input: hA1

(1) = 0.906 ± 0.013
from [17].

BGL121 CLN

B+ ! D⇤0`⌫̄` 42.0± 1.2 41.4± 1.2

B̄0 ! D⇤+`⌫̄` 38.5± 1.3 38.3± 1.1

B ! D⇤`⌫̄` 40.6± 0.9 40.1± 0.9

uncertainties. We also determine the di↵erences

�AFB = Aµ
FB �Ae

FB . (33)

The numerical values are tabulated in Table VII and Ta-
ble VIII for AFB and �AFB respectively.

Using our measured cos ✓V shapes we determine the

longitudinal polarization fraction FD
⇤

L by fitting the re-
lation [41]:

1

�

d�

d cos ✓V
=

3

2

✓
FL cos2 ✓V +

1� FL

2
sin2 ✓V

◆
. (34)

The fit to the fully averaged spectrum, together with the
expectation from LQCD (green band) using Ref. [16], is
shown in Fig. 10. We also determine the di↵erences

�FL = Fµ
L � F e

L . (35)

The numerical values are tabulated in Table IX and Ta-
ble X for FL and �FL respectively.

Finally, we determine the lepton flavor universality ra-
tios

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
, (36)

TABLE VI. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B ! D⇤ ` ⌫̄` shape, with the
external input for the absolute branching fractions described
in the text, and di↵erent scenarios for the lattice input.

BGL121 CLN

hA1
(1) 40.6± 0.9 40.1± 0.9

hA1
(w) 40.2± 0.9 40.0± 0.9

hA1
(w), R1(w), R2(w) 39.3± 0.8 39.4± 0.9

TABLE VII. The forward-backward asymmetries for the four
decay modes and B̄0B� averages. The first uncertainty is
statistical and the second uncertainty is systematic.

AFB

B̄0 ! D⇤+e⌫̄e 0.218± 0.030± 0.008

B̄0 ! D⇤+µ⌫̄µ 0.280± 0.032± 0.009

B� ! D⇤0e⌫̄e 0.239± 0.023± 0.007

B� ! D⇤0µ⌫̄µ 0.236± 0.023± 0.006

B(0,�) ! D⇤(+,0)e⌫̄e 0.230± 0.018± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.252± 0.019± 0.005

TABLE VIII. The di↵erence of the forward-backward asym-
metries for the B̄0 and B� modes, and for the B̄0B� averages.
The first uncertainty is statistical and the second uncertainty
is systematic.

�AFB

B̄0 ! D⇤+`⌫̄` 0.062± 0.044± 0.011

B� ! D⇤0`⌫̄` �0.003± 0.033± 0.009

B ! D⇤`⌫̄` 0.022± 0.026± 0.007

where we assume that the e�ciency from the tag side
reconstruction fully cancels in the ratio. The numerical
values are tabulated in Table XI.

IX. SUMMARY AND CONCLUSIONS

We presented measurements of di↵erential distribu-
tions of B ! D⇤ ` ⌫̄` probing both B̄0 and B� modes.
In total, we measure the signal yield in 160 di↵erential
bins, characterizing the 1D projections of the hadronic

FIG. 10. A representative fit of the longitudinal polarization
fraction to the cos ✓V shape of the average spectrum B !
D⇤ ` ⌫̄`. The green band is the prediction using the BGL
coe�cients from lattice QCD calculations from [16]. The blue
band is our fit result.
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TABLE IV. Fitted CLN coe�cients and correlations.

Value Correlation

⇢2 1.22± 0.09 1.00 0.58 �0.88 0.37

R1(1) 1.37± 0.08 0.58 1.00 �0.66 �0.03

R2(1) 0.88± 0.07 �0.88 �0.66 1.00 �0.14

|Vcb|⇥ 103 40.11± 0.85 0.37 �0.03 �0.14 1.00

TABLE V. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B� ! D⇤`⌫, B̄0 ! D⇤`⌫,
and B ! D⇤ ` ⌫̄` shapes, with the external input for the abso-
lute branching fractions described in the text, and our nom-
inal scenario for the lattice input: hA1

(1) = 0.906 ± 0.013
from [17].

BGL121 CLN

B+ ! D⇤0`⌫̄` 42.0± 1.2 41.4± 1.2

B̄0 ! D⇤+`⌫̄` 38.5± 1.3 38.3± 1.1

B ! D⇤`⌫̄` 40.6± 0.9 40.1± 0.9

uncertainties. We also determine the di↵erences

�AFB = Aµ
FB �Ae

FB . (33)

The numerical values are tabulated in Table VII and Ta-
ble VIII for AFB and �AFB respectively.

Using our measured cos ✓V shapes we determine the

longitudinal polarization fraction FD
⇤

L by fitting the re-
lation [41]:

1

�

d�

d cos ✓V
=

3

2

✓
FL cos2 ✓V +

1� FL

2
sin2 ✓V

◆
. (34)

The fit to the fully averaged spectrum, together with the
expectation from LQCD (green band) using Ref. [16], is
shown in Fig. 10. We also determine the di↵erences

�FL = Fµ
L � F e

L . (35)

The numerical values are tabulated in Table IX and Ta-
ble X for FL and �FL respectively.

Finally, we determine the lepton flavor universality ra-
tios

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
, (36)

TABLE VI. Extracted |Vcb|⇥ 103 values with our fitted form
factor coe�cients to the averaged B ! D⇤ ` ⌫̄` shape, with the
external input for the absolute branching fractions described
in the text, and di↵erent scenarios for the lattice input.

BGL121 CLN

hA1
(1) 40.6± 0.9 40.1± 0.9

hA1
(w) 40.2± 0.9 40.0± 0.9

hA1
(w), R1(w), R2(w) 39.3± 0.8 39.4± 0.9

TABLE VII. The forward-backward asymmetries for the four
decay modes and B̄0B� averages. The first uncertainty is
statistical and the second uncertainty is systematic.

AFB

B̄0 ! D⇤+e⌫̄e 0.218± 0.030± 0.008

B̄0 ! D⇤+µ⌫̄µ 0.280± 0.032± 0.009

B� ! D⇤0e⌫̄e 0.239± 0.023± 0.007

B� ! D⇤0µ⌫̄µ 0.236± 0.023± 0.006

B(0,�) ! D⇤(+,0)e⌫̄e 0.230± 0.018± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.252± 0.019± 0.005

TABLE VIII. The di↵erence of the forward-backward asym-
metries for the B̄0 and B� modes, and for the B̄0B� averages.
The first uncertainty is statistical and the second uncertainty
is systematic.

�AFB

B̄0 ! D⇤+`⌫̄` 0.062± 0.044± 0.011

B� ! D⇤0`⌫̄` �0.003± 0.033± 0.009

B ! D⇤`⌫̄` 0.022± 0.026± 0.007

where we assume that the e�ciency from the tag side
reconstruction fully cancels in the ratio. The numerical
values are tabulated in Table XI.

IX. SUMMARY AND CONCLUSIONS

We presented measurements of di↵erential distribu-
tions of B ! D⇤ ` ⌫̄` probing both B̄0 and B� modes.
In total, we measure the signal yield in 160 di↵erential
bins, characterizing the 1D projections of the hadronic

FIG. 10. A representative fit of the longitudinal polarization
fraction to the cos ✓V shape of the average spectrum B !
D⇤ ` ⌫̄`. The green band is the prediction using the BGL
coe�cients from lattice QCD calculations from [16]. The blue
band is our fit result.
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TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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TABLE IX. The longitudinal polarization fractions for the
four decay modes and various averages. The first uncertainty
is statistical and the second uncertainty is systematic.

FD
⇤

L

B̄0 ! D⇤+e⌫̄e 0.471± 0.024± 0.007

B̄0 ! D⇤+µ⌫̄µ 0.503± 0.023± 0.007

B� ! D⇤0e⌫̄e 0.501± 0.025± 0.007

B� ! D⇤0µ⌫̄µ 0.526± 0.024± 0.007

B(0,�) ! D⇤(+,0)e⌫̄e 0.485± 0.017± 0.005

B(0,�) ! D⇤(+,0)µ⌫̄µ 0.518± 0.017± 0.005

B̄0 ! D⇤+`⌫̄` 0.487± 0.017± 0.005

B� ! D⇤0`⌫̄` 0.514± 0.017± 0.005

B ! D⇤`⌫̄` 0.501± 0.012± 0.003

TABLE X. The di↵erence of the longitudinal polarization
fractions for the B̄0 and B� modes, and for the B̄0B� av-
erages. The first uncertainty is statistical and the second
uncertainty is systematics.

�FD
⇤

L

B̄0 ! D⇤+`⌫̄` 0.032± 0.033± 0.010

B� ! D⇤0`⌫̄` 0.025± 0.035± 0.010

B ! D⇤`⌫̄` 0.034± 0.024± 0.007

recoil parameter w, and the angles cos ✓`, cos ✓V , and �.
In addition, the full experimental correlations between
the projections were determined, allowing for a simulta-
neous analysis of all bins. The lattice QCD calculation of
Ref. [17] at zero recoil was used for the |Vcb| extraction.
The value of the CKM matrix element |Vcb| was deter-
mined using external input for the branching fraction and
we find for our fit with the BGL parameterization, with
the number of floating BGL parameters determined using
a nested-hypothesis test,

|Vcb| = (40.6± 0.9)⇥ 10�3 , (37)

in agreement with |Vcb| from inclusive determinations [8,
9]. A study of the recent lattice QCD calculations from
Ref. [16] was performed, and the impact on |Vcb| is shown
in Fig. 11, together with other determinations of |Vcb| .

The measured di↵erential distribution of cos ✓` is used
to determine the forward-backward asymmetry AFB for
electron and muon final states, as well as their di↵erence.

TABLE XI. The lepton flavor universality ratios for the B̄0

and B� modes, and for the B̄0B� average. The first uncer-
tainty is statistical and the second uncertainty is systematic.

Reµ

B̄0 ! D⇤+`⌫̄` 1.010± 0.034± 0.025

B� ! D⇤0`⌫̄` 0.971± 0.025± 0.023

B ! D⇤`⌫̄` 0.990± 0.021± 0.023

FIG. 11. Our extracted |Vcb| values using the lattice input
from Ref. [17] (black) and Ref. [16] (blue), together with the
latest exclusive HFLAV average [42] (purple), determinations
from inclusive approaches [8, 9] (orange), and from CKM uni-
tarity (grey).

We find values which are compatible with the predic-
tion from lattice QCD from Ref. [16], the predictions of
Refs. [43, 44], and the experimental value from Ref. [45]
determined in Ref. [44]. Similarly the longitudinal D⇤

polarization fraction can be determined from the mea-
sured distribution of cos ✓V and we find good agreement
with Refs. [16, 43, 44]. Lastly, we obtain the lepton-flavor
universality ratio

Reµ =
B(B ! D⇤e⌫̄e)

B(B ! D⇤µ⌫̄µ)
= 0.990± 0.021± 0.023 , (38)

which is in good agreement with Refs. [43, 44].
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In the pre-LHC, pre-Higgs era (the 1st decade of 21C), the main physics goal of e+e- 
B-factories was to observe CPV in B and test KM mechanism.

Even with the discovery of Higgs, the question of flavor still remains.

“There must be something in the flavors. We just don’t know where we can find it and what its 
scale is.”* 

“We shall not cease from exploration”✝ 

In this talk, we showed a recent Belle result that has relevance on the ‘inclusive vs. 
exclusive tension’ on CKM matrix elements

With the Belle II, the exploration shall continue.

And, enjoy the following two talks by two of the promising young Belle II colleagues!

* In a private conversation with Tao Han 
✝ T. S. Eliot



Thank you!


